We investigated the growth parameters of Saccharomyces rouxii isolated from spoiled chocolate syrup. The optimum pH range for S. rouxii was 3.5 to 5.5, whereas the minimum and maximum pH values that permitted growth were 1.5 and 10.5, respectively. For cells grown in 0 and 60% sucrose the optimum water activity (a,) values were 0.97 and 0.96, respectively. The optimum temperature for S. rouxii increased with a decreasing a, regardless of whether glucose or sucrose was used as the humectant. The optimum temperatures for S. rouxii were 28°C at an a. of >0.995 and 35°C at an a, of 0.96 to 0.90 in 2x potato dextrose broth with sucrose. Increasing the sorbate concentration (from 0.03 to 0.10%) caused the growth of S. rouxii to become more inhibited between a,s of >0.995 and 0.82. S. rouxii did not grow when the sorbate level was 0.12% (wt/vol). At lower sorbate levels, the effect of sorbate on the growth of S. rouxii depended on the a, level. Lowering the a, enhanced the resistance of S. rouxii to increasing concentrations of potassium sorbate. Permeability and polyol production are discussed with respect to sorbate tolerance of S. rouxii at different a, levels.
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The microorganisms that spoil foods containing a low water activity (aw), high acidity, low redox potential, and high carbon/nitrogen ratio are osmotolerant yeasts (31, 37) . Since these yeasts compete poorly with other microorganisms in nonselective environments, these parameters become important in favoring the growth of osmotolerant yeasts. Osmotolerant yeasts are the main spoilage organisms in foods such as honey, maple syrup, raw sugar cane, fruit syrups, candy, jams, jellies (37) , soy mashes (24) , fondants (28) , fruit juice concentrates (30) , dried fruits (21, 22) , and chocolate syrup (unpublished data). Contamination of these food products could originate from highly contaminated raw ingredients, inadequate sanitation due to the difficulty of cleaning a highsugar commodity from equipment, improper packaging and storage facilities, and insects during all phases of production. The spoiled product usually becomes turbid with a strong alcoholic aroma. If the product is enclosed in a hermetically sealed container, the package will swell due to carbon dioxide production. Growth of osmotolerant yeasts could reduce the solid content and alter the solubility of solutes that cause the aw of the food to increase.
Osmotolerant yeasts comprise, primarily, members of the genus Saccharomyces, the major species of which include S. rouxii, S. bailii, and S. bisporus. Strains tolerant to very high concentrations of solutes belong to the species S. rouxii (27, 36) , the most common spoilage organism of the osmotolerant yeasts. The minimum a, range of this yeast in a fructose syrup at pH 4.8 (35) and in glucose broths (32) is 0.62 to 0.65, whereas the optimum aw in sucrose broths is 0.98 (R. H. Tilbury, M.S. thesis, University of Bristol, England). The solute has an influence on the growth of S. rouxii, for which the limiting concentrations are 20 to 22% for NaCl, 80% for glucose, and 80% for sucrose (24) . S. rouxii and other osmotolerant yeasts are classified as mesophiles which can grow at refrigeration temperatures (32) . The pH range for most osmotolerant and non-osmotolerant yeasts is 2.0 to 7.0 with an optimum pH of 4.0 to 4.5 (32) . Ingram (16) has shown a direct relationship between the tolerance of osmotolerant yeasts to high acidity and reduced aw levels, where the lower the aw, the less tolerant the microorganism is to acidity. Further, Baird-Parker and Kooiman (3) have studied the coupled effects of sorbic acid, pH, and a, on the growth of yeasts. Their data showed that an increase in sucrose (decrease in a,) and a decrease in pH cause sorbate to become more effective against the growth of yeasts. However, the antimycotic effects of potassium sorbate to the growth of S. rouxii depend on the preconditioning of this yeast to sorbate or other weak organic acids (5; J. I. Pitt, personal communication).
The objective of this investigation was to elucidate various growth parameters of an osmo-tolerant, sorbate-resistant S. rouxii strain isolated from chocolate syrup.
MATERIALS AND METHODS
Yeast strain and identification scheme. S. rouxii NRRL Y-12691, isolated from chocolate syrup containing 0.1% potassium sorbate, was used in this investigation. Stock cultures were adapted and maintained on slants of 2x potato dextrose agar (PDA [Difco Laboratories]) (12% glucose added) without or with 60%o (wt/vol) sucrose through at least four transfers and stored at 4°C. Stock cultures were transferred once every 2 months.
The identification of the yeast isolate was made by using the carbohydrate fermentation scheme described by Lodder (18) , a DNA hybridization assay (17) , and sensitivity to 0.5% acetic acid in malt extract agar plus 2% glucose (26; J. I. Pitt, personal communication). The yeast isolate rapidly (within 5 days) fermented glucose, maltose, and fructose and slowly (28 days) utilized sucrose. After 7 days of incubation at 25°C on malt extract agar containing 0.5% acetic acid, no visible growth of this yeast strain was observed, indicating sensitivity to this weak organic acid. The DNA hybridization assay as described by Kurtzman et al. (17) showed a 98% DNA base sequence complementarity with the type strain, S. rouxii NRRL Y-229.
Preparation of inoculum. S. rouxii cells were transferred from slants to 2 x potato dextrose broth (PDB). Cells maintained on 2x PDA-12% glucose were transferred to 2x PDB-12% glucose, whereas cells from 2x PDA-12% glucose slants with 60o (wt/vol) sucrose were added to 2x PDB-12% glucose containing the corresponding sucrose level. For the experiments involving optimum aw, optimum pH, and pH range, inocula grown in the presence and absence of 60%o sucrose were used, whereas for the other experiments, only cells grown in 2x PDB-12% glucose without sucrose were used. The flasks containing the medium plus the inoculum were incubated at 25°C in a shaking water bath (160 rpm) for 2 days. Stationary-phase cells were transferred to sterile 500-ml polypropylene centrifuge bottles. Cells grown in 60%o sucrose were diluted 1:10 with sterile distilled water to reduce the viscosity. The inocula were centrifuged at 4 to 8°C for 30 min at 6,000 x g. The supernatant liquid was discarded, and the pellet was resuspended in 10 to 15 ml of sterile distilled water. The absorbancy of the cells was adjusted to 0.500 at 420 nm, using a Bausch & Lomb Spectronic 20 colorimeter, which corresponded to a cell concentration ranging from 4 For the experiments involving optimum, minimum, and maximum pH values, 3 liters of the basal medium supplemented with 23 or 27% sucrose was formulated and autoclaved at 121°C for 10 min. With a sterile 250-ml graduated cylinder, 160-ml volumes were dispensed into sterile 250-ml Fembach flasks. pH values ranging from 1.0 to 12.0 (in increments of 0.5 pH units) were obtained with sterile HCl or NaOH. Different concentrations of HCl and NaOH were used to add the smallest possible amount of the base or acid to obtain the desired pH. After pH adjustment, the a, was determined; 23% sucrose gave an aw of 0.97, and 27% sucrose gave an aw of 0.96. S. rouxii cells previously grown in 0 or 60%o glucose were inoculated into the pH-adjusted medium, and the flasks were incubated at 25°C in a shaking water bath (160 rpm). The presence of visible growth was monitored daily for 30 days.
Double-strength PDB with 0% sucrose-0o glucose, 23% sucrose-0o glucose, 09%o sucrose-12% glucose, or the above-mentioned sucrose and glucose levels necessary to obtain a, levels of 0.98, 0.97, 0.96, 0.95, 0.92, and 0.90 was used to determine the optimum temperature versus the a, level of humectant. The growth medium was formulated as in the experiments involving optimum a,. The flasks were placed in 600-ml beakers containing 30 ml of distilled water to reduce temperature fluctuations during incubation. Flasks (one from each growth medium) were placed in incubators at 22, 25, 28, 32, 35, 37 , and 40°C. After equilibrating for 24 h, the media were inoculated with S. rouxii previously grown in 0% sucrose.
For studying the effects of the potassium sorbate concentration on the growth of S. rouxii at various aw levels, the basal growth medium plus various sucrose concentrations as described for the experiments on optimum a, was used. In addition, sucrose concentrations of 60 and 70o (wtlvol), corresponding to aws of 0.86 and 0.82, respectively, were used. Portions (79 ml) of the basal growth medium with appropriate sucrose concentrations were dissolved in 250-ml Fernbach flasks and autoclaved at 121°C for 10 min. Potassium sorbate granules were dissolved in distilled water at concentrations of 2.4, 4.8, 6.4, 8.0, 9.6, and 12.0o (wt/vol) on the day of use. These solutions were filter sterilized through a 0.2-,um membrane. After the growth media equilibrated to room temperature, 1 
RESULTS
Optimum a, levels. The optimum a, levels of S. rouxii preconditioned in 0 and 60% sucrose are presented in Fig. 1 
DISCUSSION
The most common of the osmotolerant yeasts is S. rouxii (32, 37) , which can grow at an aw of 0.62 when other extrinsic conditions are optimal (27) . Using sucrose broths, Tilbury (M.S. thesis) showed that the optimum aw for growth of S. rouxii is 0.98. In the present investigation, the optimum aw of the S. rouxii strain isolated from chocolate syrup was 0.97 and 0.96, respectively, for cells previously grown in 0 and 60% sucrose. Anand and Brown (1) have shown slight variations in growth rate patterns at different a,s for two S. rouxii strains. Slight discrepancies in optimum a,s could be due to the basal growth media, slight genetic variations within species, preconditioning with respect to aw, or a combination of these. The data from this investigation show the influence of acclimation in determining the optimum aw for an osmotolerant yeast strain. When investigating the optimum aw for an osmotolerant yeast, the preconditioning becomes extremely important.
The pH growth range of S. rouxii is very wide (1.5 to 10.5) ( Table 1) , enabling this microorganism to survive or grow in a wide range of foods. This wide pH tolerance can allow this yeast to cross-contaminate a variety of foods under conditions where sofne commodities could contain parameters favorable for osmotolerant yeast spoilage. The optimum pH range of this S. rouxii strain was 3.5 to 5.5, which relates to the pH range (4.0 to 4.5) of S. rouxii calculated by Tilbury (M.S. thesis). However, the pH optimum range in this investigation was substantially larger than the pH range determined by Tilbury (M.S. thesis), indicating influences of growth media or strain variations or both.
The optimum pH range and aw levels of S. rouxii do not coincide with the pH and aw parameters for the types offoods spoiled by this yeast. Other intrinsic or extrinsic characteristics must be involved. Acidic foods such as tomato paste, canned fruits in heavy syrups, margarine, canned cured meats, Gouda cheese, and low-salt fish, pork, and beef products (10, 33) are not normally spoiled by S. rouxii even though their aw levels (0.92 to 0.98) are near the optimum for S. rouxii. However, products that are usually spoiled by S. rouxii have lower aw levels (0.80 to 0.85); these products include honey, maple syrup, fruit syrups, jams, liquid sugar, soy mashes, and chocolate syrups (24, 37 ; unpublished data).
The pHs of these low-aw foods are in the range optimal for S. rouxii growth. Since a variety of bacterial strains can proliferate faster than osmotolerant yeasts at aws ranging from 0.97 to >0.995, this yeast cannot compete and spoil a product suitable for bacterial growth. In a harsher environment, i.e., in products containing a low aw and pH, most bacteria either cannot grow or grow very slowly. Spoilage will most likely be caused by yeasts or mold. Additional factors involving the numbers and types of osmotolerant yeasts initially infecting the food, the types of nutrients, the redox potential (liquid or solid food), and the temperature during storage (37) can enable the osmotolerant yeasts to outgrow the xerotolerant molds. As the yeasts proliferate, the production of ethanol and CO2 further creates an environment detrimental to xerotolerant molds (32). As noted by other researchers (16, 23) , a decrease in a. causes the optimum temperature of S. rouxii to increase (Fig. 2 and 3) . Although S. rouxii can rapidly metabolize glucose, whereas sucrose either is not fermented or is fermented extremely slowly (18) , the optimum temperature for S. rouxii increases regardless of whether sucrose or glucose is used as the humectant. Recently, increased recovery rates of osmotolerant yeasts from intermediate-a, foods, e.g., fruit juice concentrates, have been reported on media with elevated sugar concentrations (40) . Since the optimum growth temperature range for S. rouxii in a broth containing an a, between 0.90 and 0.97 is 32 to 35°C, an incubation temperature of 32°C, instead of the traditional 22 to 25°C (34) for 5 days, would be more efficient for enumerating osmotolerant yeasts in the presence of elevated sugar concentrations. In addition, S. bailii, a yeast less osmotolerant than S. rouxii, has an optimum temperature of 32°C at an aw of 0.96 (unpublished data), increasing the flexibility of this incubation temperature for enumerating a wide range of osmotolerant yeasts.
Why was an increased optimum temperature of S. rouxii observed when it was inoculated in a growth medium containing reduced a, levels? One explanation could involve the protective effect of the solute on the metabolic mechanisms and cellular integrity of S. rouxii. The heat resistance of microorganisms (vegetative cells and spores) increases with elevated concentrations of solutes (4, 11, 12, 14) . Doyle and Marth (12) and Gibson (14) have explained this increased heat resistance as a dehydrating phenomenon resulting in a greater stability of cellular components, specifically, proteins. In the present investigation, a similar explanation could be proposed for the elevated optimum temperature of S. rouxii with a decreasing aw. However, since a greater concentration of glucose (30%) or sucrose (45%) in the heating menstruum was required to protect S. rouxii from heat (12, 14) than was needed to increase the optimum temperature, a simple dehydration phenomenon of cells may not be the total explanation. A second explanation, involving the production of intracellular polyols (9) by S. rouxii, is also feasible. Intracellular polyols have been shown to function as compatible solutes (6, 7, 9) , which relates to the protection of enzymes in yeasts against inhibition or inactivation. The concentrations of intracellular polyols in osmotolerant yeasts can accumulate rapidly in cells growing in decreasing a, levels (6, 13) . Only a slight reduction in a, can cause a rapid increase of intracellular polyols in osmotolerant yeasts. When S. rouxii grows in a high sugar concentration, the polyol that accumulates is arabitol (20) , whose concentration is directly proportional to the a, level. Although the mechanism of polyol protection toward enzymes had not been elucidated, this system could be related to heatsensitive enzymes with respect to elevated temperatures. Thus, intracellular polyols could enable S. rouxii to proliferate at a higher temperature, resulting in an increased optimum temperature.
With the relationship between potassium sorbate tolerance of S. rouxii and different a, levels, some hypotheses or thoughts can be formulated on the mechanism of sorbate resistance in osmotolerant yeasts, specifically, S. rouxii. In 1977, Warth (38) proposed a mechanism of resistance of S. bailii to benzoic and sorbic acids, involving an inducible energy-requiring system which transports the preservative out of the cell. Since elevated glucose levels in the growth media cause S. bailii to become more resistant to the preservative (25) , aerobic respiration of glucose could provide the energy needed to pump the preservative out of the cell (38) . In the present investigation, each a, level contained 16% glucose, and the cultures were vigorously shaken to permit sufficient aeration. If Warth's theory (38) can be applied to S. rouxii, the sorbate resistance of this yeast should not be markedly influenced by moderate aw changes. For a particular sublethal sorbate level, the growth rate of S. rouxii should be fastest near the optimum aw level. However, the higher aws (0.98 to >0.995) enhanced the antimycotic activity of sorbate against the growth of S. rouxii, whereas lower aws (0.90 to 0.92, farther from the optimum) increased the tolerance of this yeast to higher concentrations of sorbate.
From the data obtained in this investigation, there are two other possibilities involving the mechanism of resistance of S. rouxii to sorbate. At lower aw levels (higher solute concentrations) the cells shrink (11) , causing the pore size on the cell membrane to become smaller, which may retard the flow of sorbate into the cell. If this theory is valid, the induced energy system (Warth's theory [38] ) to transport sorbate out of the cell could still be plausible. At lower aw levels the flow of sorbate into the cell will be retarded, allowing the energy formed by glucose respiration to pump the sorbate out at a rate at least equivalent to that of the uptake of the preservative. At the higher aw values and sorbate levels (>0.06%), the uptake of sorbate would be too rapid, causing an intracellular accumulation of the preservative.
The resistance of S. rouxii to sorbate at different aw values could also involve the production of polyols (6) functioning as a compatible solute (7) . Potassium sorbate inhibits various enzyme VOL. 45, 1983 on July 6, 2017 by guest http://aem.asm.org/ Downloaded from systems (2, 15, 19, 39) . With decreasing aw levels, increasing amounts of polyols will be produced or retained intracellularly to maintain osmoregulation (8) (29) .
